Industry has a growing need of advanced coatings for a variety of applications (aerospace, special machinery, medicine …). Nanostructured coatings have the potential of providing novel materials with enhanced properties. This paper describes the results of recent research on wear resistant nanostructured coatings. Cermet (WCCo) and ceramic (Al 2 O 3 -TiO 2 ) coatings were obtained by atmospheric plasma spraying.
Introduction
Advanced coatings are needed in many industrial sectors to enhance the surface characteristics of structural elements or to functionalize a surface. In the former case, the purpose is usually to improve some given material's properties in order to provide protection against wear, corrosion, chemical attack, thermal shock and/or high temperatures. In the latter case, the coating provides a surface with a new function, such as self-lubricating, catalytic, bioactive or self-cleaning coatings. Much research has been undertaken into nanostructured materials, which generally display better physical or mechanical properties than their conventional counterparts [1, 2] . As a result, nanostructured coatings could lead to significant advances in the availability of high-performance materials in various industrial sectors [3, 4] .
There are numerous techniques for producing coatings: physical vapour deposition, chemical vapour deposition, thermal spraying, electrochemical techniques, sol-gel methods. Among these techniques, thermal spraying is one of the most versatile for depositing thick coatings. In such process, a feed material is fused and accelerated until it impacts upon the substrate, where it is rapidly cooled, forming the coating [5] .
(figure 1). Thermal spray techniques can be classified in two large families, depending on whether the energy source is of chemical or electric origin (figure 2) [5] . The different techniques differ in flame temperature and particles velocity.
The two most commonly used thermal spray methods are atmospheric plasma spraying (APS) and high velocity oxy-fuel flame spraying (HVOF), in which the feed material is in powder form [6] . As a result, in order to obtain nanostructured coatings using these techniques, it should be convenient to use nanoparticles as raw material.
However nanoparticles cannot be sprayed directly owing to their small mass. Thus 3 sprayable nanostructured powders must be obtained in two stages [7, 8] . First, the nanoparticles need to be synthesised. Then, they have to be agglomerated to form sprayable micrometric aglomerates. This second stage, which is critical for the success of the method, is known as reconstitution process.
Innumerable methods exist to produce nanoparticles [9] [10] [11] [12] [13] but spray drying is the most widespread process for reconstituting nanoparticles into appropriate micrometric granules for thermal spray deposition [7, [14] [15] [16] . The process consists, basically, of spraying a suspension through a nozzle into a drying chamber where the solvent is removed, producing a highly flowable agglomerate powder as a result of the sphericity of the agglomerates.
It is important to point out that not all spray-dried powders are suitable for thermal spray coatings. The reconstituted powder must be dense enough and have a proper size distribution. A fine and porous powder can not be fed adecuatly into the flame, conducing to low deposition efficiency, poor adhesion and high coating porosity. Some researchers [17] have found that spray-dried powders with bulk density >1.7 x 10 3 kg/m 3 and mean particle size > 20 µm can be directly used for plasma spray coating.
Once the reconstituted nanometric powder has been obtained, the process parameters need to be adapted to the characteristics of the new powder. In particular, heating of the agglomerates need to be closely controlled in order to preserve the nanostructure in the final coating without impairing adhesion to the substrate [18, 19] . An intense research activity is being developed during this decade which deals with nanostructured powders to obtain different types of oxide and non-oxide coatings, such as alumina [20] , titania [21, 22] , alumina-titania [23] [24] [25] , stabilized zirconia [26] [27] [28] , and cermets [23] [24] [25] [26] [27] [28] [29] [30] [31] .
In this work alumina-titania ceramic coatings and cemented tungsten carbide cermet coatings were obtained by APS using commercial conventional micrometric powders and reconstituted nanopowders. Both materials are commonly used to form wear-4 resistant coatings on metallic substrates and the use of nanostructured feedstock is expected to enhance their properties. This study is aimed to characterize the microstructure of the developed nanostructured coating and to compare the results with those of their conventional counterparts. Vickers microhardness (HV) of the coatings was also measured, as it is a highly relevant property of wear-resistant coatings. The influence of the substrate on both microstructure and properties was also investigated, as the coatings were deposited on two different steels.
Experimental techniques

Materials
Cermet (WC-Co) and ceramic (Al 2 O 3 -TiO 2 ) coatings were sprayed using commercial (conventional and nanostructured) thermal spray powders. The characteristics of the powders used are given in Table 1 .
Two different steels coupons of dimensions 150x30x2 mm were used as substrates.
Half of the coatings was sprayed on AISI 304 stainless steel samples. The rest of the layers was obtained on C45 (EN 1.11191) high grade steelcoupons. Both substrates compositions are given in Table 2 .
Coatings deposition
The coatings were obtained using a Sulzer Metco model F4-MB air plasma spray gun mounted on an industrial robot. Before spraying, the substrate was blasted with corundum grit and cleaned with ethanol to remove any dust or grease residue from the surface. In the case of alumina-titania coatings, a Ni-Al metallic alloy was sprayed between steel substrate and ceramic coating in order to improve adhesion. It was also necessary to hold the substrate temperature between 95 and 200 ºC throughout the process in order to avoid spalling during the final cooling. In contrast, tungsten carbide coatings displayed very good adhesion without requiring the presence of a bond coat nor preheating of the substrate.
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The main spraying parameters are given in Table 3 . Tungsten carbide coatings were sprayed using Ar/H 2 or Ar/He mixtures as plasma-forming gases with a view to studying the effect of the nature of the secondary gas on the characteristics of the resulting coatings. In the case of the ceramic coatings, this paper describes only the influence of the feeding powder particle size and of substrate nature. The effect on some spraying parameters on coating microstructure and properties has been reported elsewhere [32] .
Characterization techniques
Coatings crystalline phases were evaluated by X-ray diffraction (XRD) techniques 
Results and Discussion
Characterization of WC-Co coatings
Microstructure analysis
APS deposition is a high energy technique, as a consequence the initial WC-Co powder is not only fused during the process but also it may undergo reactions such as decarburization or oxidation which can lower the mechanical properties of the deposited coating [33] [34] [35] . The XRD analysis of as-sprayed cemented carbides coatings obtained with both conventional and nanostructured powders, sprayed either with Ar/H 2 or Ar/He, showed the presence of tungsten carbide (WC), ditungsten carbide (WC 2 ) and traces of cobalt oxide ( Figure 1 ).
It was found that coatings sprayed on both types of substrates present similar phase composition but the layers deposited on C45 display a much lower decomposition, as visible through weaker W 2 C and W peaks in XRD spectra ( Fig. 1 ). This effect is more important in the case of the nanostructured powder. This lower decomposition is probably due to the higher thermal conductivity of high grade C45, which allows a quicker cooling of the as sprayed coatings.
Moreover, coatings obtained using helium as secondary gas show lower decomposition than coatings sprayed with hydrogen: XRD spectra exhibit stronger WC peaks and lower W 2 C and W peaks (Fig. 1 ). This can be explained by the lower energy of the plasma plume when helium is used as secondary gas and by the much higher gas flow rates which allow a higher plasma density and make difficult the entrance of oxygen inside the flame.
Finally, the substitution of conventional powders with agglomerated, nanostructured powders in APS process produced practically no changes in the XRD spectra, in most of the spraying conditions. However it was found that the nanostructured coating 
Microhardness measurement
The Vickers microhardness measurement data are detailed in Table 4 . They show that there are no great differences between the conventional coatings and those obtained from the nanostructured powder. In contrast, the coatings sprayed with helium exhibit higher microhardness than those obtained using hydrogen as a secondary gas. It can be seen that the coatings obtained on the high grade steel substrate seem to present slightly higher microhardness value. However, these differences are not significant, if the experimental error is taken into account. 
Such decarburization occurs in all coatings and does not depend on the powder particles size. However, it can be significantly reduced using an Ar/He mixture to form the plasma instead of the usual Ar/H 2 mixture, due to a lower plasma temperature and higher gas flow rates which reduce the quantity of oxygen present in the plasma plume.
Moreover, it was found that coatings sprayed on AISI 304 stainless steel present a higher decomposition than layers deposited on C45 high grade steel, as a consequence of the much higher thermal conductivity of C45 substrate which allows higher cooling rate of the coating and reduces available time for decomposition.
It is important to point out that the decomposition of the tungsten carbides during projection is highly prejudicial to the coatings properties. Actually, many investigators have studied this decomposition, and have tried to minimize it in order to obtain 9 coatings with enhanced mechanical and tribological properties [33] [34] [35] . In effect, the presence of W 2 C and elementary W as well as the disappearance of the WC initial crystals is detrimental to the wear resistance of such layers. As a consequence, coatings sprayed with helium should present better tribological properties than coatings deposited with hydrogen as a result of their lower decarburization. For the same reason, the wear resistance is expected to be higher when the coatings are sprayed on C45 high grade steel instead of AISI 304 stainless steel.
Finally, no great differences were observed in the crystalline phases present in the coatings obtained from different powders. Nevertheless, SEM observation reveals that the main difference between nanostructured and conventional coatings resides in the size of the tungsten carbides crystals which are much smaller in the second case. It is expected that reducing the size of the carbides should enhance the coating wear resistance but it should be confirmed by tribological testing. to corundum. In general, the layers deposited on C45 substrate present a lower α-to γ-alumina ratio than the coatings sprayed on AISI 304. This is probably due to a higher cooling rate of these coatings because of the higher thermal conductivity of C45 steel.
Characterization of Al
Furthermore, the nanostructured coatings exhibited a larger α-to γ-alumina ratio than the conventional coatings, as shown in Figure 6 . In fact the nanostructured powder is formed by porous agglomerates of nanoparticles [32] and, as a consequence has a low thermal conductivity, avoiding the complete fusion of the granulates. Actually, part of the initial corundum does not transform to γ-alumina, and remains in the final coating, as confirmed by the SEM observations below.
Typical micrographs can be seen in Figure 7 corresponding to partially melted starting agglomerates were observed. Due to these uncompleted melting zones, α-to γ-alumina ratio is higher in the nanostructured coating as mentioned above. This microstructural description, which has been set out elsewhere [23, 24] was observed on both substrates.
Finally, EDX analysis of the different phases showed a major difference between conventional and nanostructured coatings. Although both coatings have a similar matrix composition, conventional coatings present a segregation of titanium in the white zones which showed a lower aluminum content and much higher titanium proportion. In the nanostructured coating, however, the white zones have in general similar concentration of aluminium than the matrix with slightly higher titanium content.
This segregation has been also pointed out in previous works [32, 36] .
Microhardness measurement
The results of the microhardness measurements are given in Table 5 . When the error in the resulting values (5-10%) is taken into account, it appears that the nanostructured coatings display a higher microhardness than their conventional counterparts.
Moreover, it was found that the layers deposited on AISI 304 substrates present higher microhardness than the layers sprayed on C45.
Discussion
Microstructure First, the presence of partially fused agglomerates in the nanostructured layer can slow down the propagation of cracks inside the coating as they should present higher fracture toughness than that of the matrix [38] . Then, in the case of conventional coatings, segregation of titanium at the splats boundaries was observed whereas a uniform repartition of titanium was found in the nanostructured coating. As titanium segregation leads to greater delamination, it reduces the wear resistance of the conventional layers [23] . As a consequence, nanostructured coatings exhibit better tribological properties.
Tribological characterization is still in progress on the coating sprayed on C45 steel. It is important to point out that the microstructure is quite independent of the substrate nature. As a consequence, it is expected that the nanostructured layers display better wear resistance than their conventional counterpart. However, XRD analysis revealed differences in the α-to γ-alumina ratio. Thus, the tribological behavior may be slightly different.
Conclusions
In order to obtain nanostructured coatings by thermal spraying, reconstituted Figure 1 . Coating formation by thermal spraying [6] . coatings sprayed on C45 steel.
